We demonstrate a portable process for developing a triple bottom line model to measure the knowledge production performance of individual research centres. For the first time, the study also empirically illustrates how a fully units-invariant model of data envelopment analysis can be used to measure the relative efficiency of research centres by capturing the interaction amongst a common set of multiple inputs and multiple outputs. The study is particularly timely given the increasing transparency required by governments and industries that fund research activities. The process highlights the links between organisational objectives, desired outcomes and outputs while the emerging performance model represents an executive managerial view. The study brings consistency to current measures that often rely on ratios and univariate analyses that are not otherwise conducive to relative performance analysis.
Introduction

Scope of the Study
This study demonstrates a process for developing a model to measure the knowledge production performance of individual research centres. To the best of our knowledge, the study is also the first of its kind to provide an empirical illustration of how data envelopment analysis (DEA) can be used to measure the relative efficiency of research centres by capturing the interaction amongst a common set of multiple inputs and outputs. While we use Cooperative Research Centres (CRCs) in Australia for illustration purposes, the process demonstrated can be easily used by others with minimum adaptation. Gray (2000) defines a CRC as a semi-autonomous research unit that employs a multidisciplinary team working on a range of basic to application-oriented research where the centre can serve profit as well as non-profit organisations, including training of graduates. The CRC structure of research organisation is by no means exclusive to Australia and many equivalents can be found in The study is particularly timely given the increasing transparency required by the governments and industries that fund research activities, the increasingly competitive nature of project-based funding as opposed to block grants, and a lack of standard performance measures used by research centres. As early as 1998, Arnold et al. (1998) were acknowledging that competitive project funding sourced from governments fosters business-oriented management. More recently, Voytek et al. (2004) expanded this 4/33 point by stating, "The reorientation of programs to a more entrepreneurial, market-oriented approach suggests that in the absence of a bottom line, the only way to keep score is to measure program performance: the progress made in achieving the goals and objectives of a particular program." However, while literature can be found on measurement of intellectual capital in business firms (see Edvinsson and Malone, 1997 , Roos and Roos, 1997 , Mouritsen et al., 2001 , and Caddy, 2002 , similar literature on research organisations is scarce and there is no published firm-theory to explain the production process in research organisations. According to Voytek et al. (2004, p.177) , the production function for technology-based economic development programs is uncertain. 
Overview of Performance Measurement in Research Centres
Most research centres undertake some kind of performance measurement. Such exercises usually involve collecting data on various centre activities. Unfortunately, more often than not, inhouse performance measures are not easily comparable across centres and even data collected using common forms required by an overseeing agency does not yield directly comparable or useful results (see Voytek et al., 2004, p.176) . This is partly explained by the independent way research centres have historically evolved (mostly in association with universities) and partly explained by the lack of political will to either come up with a coherent set of organisational objectives or implement them. Yet another source of problem in existing performance measurement in this field is the reliance on univariate analysis or ratios generated using data collected through existing channels. For example, data collected through the Management Data Questionnaire 2 in Australia do not help relate centre outputs to desired programme outcomes (Howard Partners, 2003) . Furthermore, it is impossible to capture the interaction amongst multiple variables unless we move away from univariate analysis.
Of course, individual research centres have also been reluctant to subject themselves to centralised performance measurement fearing that their work will not be cast in the best light.
However, as competition for Federal research funds rises, the political climate is changing to one of demanding more transparency and accountability from users of such funds. The performance modelling 5/33 process we demonstrate in this paper uses data envelopment analysis in its final step, a well-established benchmarking tool, to measure the efficiency of centres relative to others in the Programme. Part of the popularity of this non-parametric technique is due to its ability to provide efficiency analysis in the absence of cost and price data while it captures the interplay among inputs and outputs of the efficiency model (an expanded introduction to the technique is provided under Research Design).
Australian CRC Programme and Revised Objectives
Here we would like to briefly introduce the Australian CRC Programme used in this study. The Illustration of the performance modelling in this paper is guided by the findings and recommendations of the latest study commissioned by the Department of Education, Science and
Training (Howard Partners, 2003) which evaluates the CRC Programme as a whole, and other literature survey. Hence, we expect the study (with its focus on individual research centre performance) to complement and build upon the recommendations of the Howard Partners report, as well as take into account overseas studies of performance of research organisations (e.g. see Leitner and Warden, 2004) .
Two of the key recommendations of the Howard Partners report include (a) encouraging research proposals to be developed around the Programme objectives, and (b) developing a
Programme with a stronger orientation toward commercialisation and new business development. That is, "…the CRC Programme should be clearly positioned as an investment programme that is expected to deliver returns in the form of economic, social and environmental benefits to the nation" (Howard Partners, 2003, p. xv) . This is the essence of triple bottom line benchmarking (Elkington, 1999 In so doing, we are focussing on research centre performance in the broader context that would be useful for external and internal reporting. Briefly, the performance model is developed by dissecting the above objectives into outcomes, outputs and inputs (this process is detailed under Research Design).
The rest of the paper unfolds as follows. Literature Review introduces the knowledge-based theory of the firm, intellectual capital, and a generalised model of knowledge production for research organisations. Research Design details the process for developing a model of knowledge production performance for research centres and introduces data envelopment analysis. The next section is dedicated to an illustrative empirical application using data envelopment analysis including tests for the stability of the efficient frontier. Conclusion summarises the paper's contribution to the field and highlights the possible extensions to the study.
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2. Literature Review
Knowledge-based Theory of the Firm
One principal school of thought maintains that knowledge-based view of the firm should focus on acquisition and creation of organisational knowledge (e.g. see Spender, 1989) . However, the main shortcoming of the concept of organisational knowledge is its propensity to obscure the processes through which individuals engage in creating, storing and deploying knowledge (Grant, 1996) . Under another school of thought, the knowledge-based theory of the firm argues that all sustainable competitive advantage is sourced from knowledge created and held by individuals that are employed or contracted by the firm, where the firm's key role is to facilitate the organisational processes needed in integrating knowledge into goods and services (Grant, 1996) . 3 We argue that there is no compelling reason to exclusively subscribe to one or the other school of thought. First of all, they are not mutually exclusive, and secondly, most organisations are likely to regard themselves as somewhere in between the two apparently different perspectives. For example, Nonaka develops a theory of organisational knowledge creation where it is argued that, "…while new knowledge is developed by individuals, organisations play a critical role in articulating and amplifying that knowledge" (Nonaka, 1994) . This approach to knowledge creation appears to be the most logical choice in terms of what happens in practice. We also maintain that firms are responsible for application of knowledge to the production of goods and services (Grant, 1996, p.112) . While research centres have traditionally not been regarded as profit-making firms, this is an appropriate theoretical starting point for this study given the key Programme objectives (in particular, objectives 4, 5 and 6), and one of the principal aims of the study, namely, capturing the interaction amongst multiple inputs and outputs in a benchmarking exercise.
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Measuring Intellectual Capital
We can now begin to operationalise the model of knowledge production performance for research centres by placing it in the context of knowledge management, in particular, issues to be addressed in measuring intellectual capital. Intellectual capital modelling is concerned with the measurement of a company's intangible assets. We should note that currently there is no universally accepted theoretical model underlying measurement of intellectual capital. For example, Roos and Roos (1997) identified three components within intellectual capital, namely, human capital, organisational capital, and customer and relationship capital (the latter includes supplier, network partner, and investor capital). Similar categories are found in Edvinsson and Malone, Sveiby,
Edvinsson and Stenfelt and the MERITUM (Measuring Intangibles to Understand and Improve
Innovation Management) project from the European Union (Edvinsson and Malone, 1997 , Sveiby, 1997 , Edvinsson and Stenfelt, 1999 .
Demonstrating a process for modelling the knowledge production performance of research organisations is the main focus of this study. Research organisations' most significant resources are intangible (e.g. intellectual capital) and their principal output is knowledge. Garrett-Jones and Turpin (2002), who have studied measuring outcomes of the Australian CRC Programme, acknowledge that most of the value provided by CRCs is intangible. Unfortunately, conventional accounting is inadequate in generating information for management of such organisations where pricing of intangible outputs remains contentious. Yet, at least in the case of the Australian CRCs used here for illustration purposes, they receive more than half their funds from taxpayers' monies; hence, their outputs must be considered public goods (despite their increasing aspirations to commercialisation) and their performance should be measured.
A Generalised Model of Knowledge Production for Research Organisations
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In 1999 and 2000, two European research organisations, namely, the Austrian Research Centres and the German Aerospace Centre, released reports on measurement of intellectual capital for the first time. These are now acknowledged as significant developments in measuring intellectual capital in research organisations. Inspired by these European research organisations, Leitner and Warden (2004) put forward a generalised model of knowledge production for research organisations (see Figure 1 ).
The model starts with identification of organisational strategy, knowledge goals to operationalise that strategy, and intellectual capital inputs (e.g. human capital, relational capital, and structural capital) that are employed through key processes (e.g. basic, applied or contract research) that result in financial and intangible outputs (e.g. publications, patent applications, etc.). Examples of human capital, relational capital, and structural capital include (respectively), number of scientific staff, personnel expenditure;
visiting scientists, foreign assignments; and, information technology expenditure per employee, number of teleworking jobs. We can link this to Nonaka's (1994) theory of organisational knowledge creation by recognising that human capital represents the individuals, and relational and structural capital represent the organisation's contribution to the new knowledge development by individuals.
[Insert Figure 1 about here]
Knowledge goals identify what the firm needs to know to enact corporate strategies. By implementing key processes, inputs of intellectual capital are converted into outputs such as patents, consultancy services, publications and so on. However, intangible outputs also add to the resource base of intellectual capital available to the research organisation, thus creating a feedback effect from outputs to inputs (e.g. refereed publications raising profile of human capital). Leitner and Warden (2004) 
Proposed Process for Developing a Model of Knowledge Production Performance
The generalised model of knowledge production proposed by Leitner and Warden (2004) is not particularly useful for developing a performance model for research centres because it provides neither a clear link between organisational objectives, desired outcomes and outputs, nor an acknowledgement of triple bottom line benchmarking (i.e. performance measurement on economic, social, and environmental factors). We thus follow a different process to address these shortcomings. point, where the objectives are regarded as the overall outcomes desired. We then dissect these into more specific outcomes. Measures of specific outcomes become outputs categorised into economic, social, and environmental groups, which will later help benchmark triple bottom line performance of research centres. Inputs are identified by determining the resources needed to produce the outputs and this final step of the process is regarded as a residual transaction rather than a driver. (2002), as well as the paper by Leitner and 11/33 Warden (2004) . Outputs are designated to economic, social or environmental groups, although some of the outputs can be classified under more than one category. The numbering system in Appendix A highlights the connection between a specific desired outcome and output(s) selected to measure it. The last column represents the universal inputs found in research centres. We make no claim to have drawn up a comprehensive list of inputs and outputs; instead, we reiterate that the main focus of this paper remains that of demonstrating a performance modelling process.
Next we develop a model to measure the knowledge production performance of individual research centres based on the outputs and inputs identified in Appendix A. As a rule of thumb, given a sample size of 71 centres, DEA would support up to 8 inputs and 9 outputs (i.e. 8 x 9 = 72) before the model starts losing discriminatory power. In Table 2 , we propose a parsimonious 4x6 efficiency model, ensuring at least one output can be traced to each of the Programme objectives and putting emphasis on commercialisation.
[Insert Table 2 about here]
However, the reader would notice that in Appendix A there are no outputs that can be directly traced to Programme objective 2. This arises from the general nature of objective 2. That is, if we scrutinise all six objectives, we can easily see that objectives 3-6 are subsumed by objective 2.
Similarly, objectives 2-6 are subsumed by objective 1.
Comparing the model of efficiency in Table 2 against the model in Table 1 reveals that 'funds' are treated differently. That is, in the management oriented model 'funds' is an input applied to generate various outputs, whereas in the theoretical model adapted from Leitner and Warden (2004) 'funds' is a result of intellectual capital inputs. These two different perspectives highlight the potential feedback effect between outputs and inputs, and some of the discretion at the researcher's disposal in designating inputs and outputs. analysis is used in the illustrative empirical application (see later in this section for more details). As far as we are aware, the only other study that has used DEA in a similar field is by Revilla et al. (2003) where the authors measure the performance of collaborations between public and private organisations by using company inputs and outputs.
A Units-Invariant Technique to Benchmark the Relative Efficiency of Research
For brevity, we provide a short introduction to DEA and refer the reader to the authoritative book by Cooper et al. (2000) DEA is a non-parametric linear programming technique that computes a comparative ratio of weighted multiple outputs to inputs for each unit, which is reported as the relative efficiency score. The efficiency score is usually expressed as a number between 0 and 1. A decisionmaking unit (DMU) with a score less than one is deemed inefficient relative to other units.
Traditionally DEA has been used to measure the technical efficiency of DMUs as opposed to their allocative efficiency (research centres in this study become DMUs in DEA). In the context of DEA, allocative efficiency is defined as the effective choice of inputs vis. à vis. prices with the objective of minimising production costs, that is, selection of an effective production plan, whereas technical efficiency investigates how well the production process converts inputs into outputs i.e.
effective implementation of the production plan, which is the focus of this study. DEA's key advantages include its ability to capture the interplay amongst multiple inputs and outputs in a scalar value i.e. in a single number; determining potential improvements in input usage and output production; ranking of DMUs based on relative efficiency; benchmarking based on actual observations rather than measures of central tendency e.g. mean, median, and standard deviation; and, tolerance of small samples.
We use a DEA model known as slacks-based measure (SBM) (see Cooper et al., 2000, p.97, and Tone, 2001 ). SBM reports a fully units-invariant measure of inefficiency for both the radial and non-radial components captured in ρ (rho). Here it is possible to argue for either output maximisation 13/33 or input minimisation. We propose a more comprehensive and efficient analysis where total input and output slacks are measured simultaneously against the same reference set, facilitated by a non-oriented SBM model that is fully units-invariant (see Appendix B for technical details).
Currently, annual reports produced by research centres do not follow a consistent format and in most instances the data required by the theoretical models developed in this study are simply not available. Such data can only be collected after the full cooperation of the research centres is secured.
While we consider the empirical application of the theoretical models as a larger project for the future, 
An Illustrative Empirical Application
Comparing Research Centres against each Other on Actual Achieved Efficiency
Our illustrative model of efficiency based on SBM DEA consists of the inputs 'average Programme funding per year' and 'full-time equivalent research staff', and the outputs 'funding contributions from other participants' and 'number of postgraduate students'. We acknowledge in advance that we will not be able to conclude managerial implications from this small model of efficiency; a more detailed empirical analysis based on variables in Table 2 remains a follow up study when data become available.
Limited by the data available in the public domain and guided by our primary intention to illustrate an application of DEA in this field with a balanced model of efficiency, we have designated contributions from other participants as an output (this variable was indicated as a potential input in Table 2 ). Nevertheless, besides illustrative expediency, there is also a plausible argument for treating 'contributions from other participants' as an output. That is, while in a traditional production sense contributions from other participants is an input, it can also be designated as an output since the Federal 14/33 government that provides the Programme funds would like to see research centres bring in monies from other participants i.e. contributions can be seen as an output of applying Programme funds through intermediation by centres. This case also underlines dilemmas often faced by researchers in identifying variables as inputs or outputs.
First, we generate super efficiency scores (not shown) to identify potential outliers. As a rule of thumb, research centres with super-efficiency scores above 2 or 3 are usually regarded as having an inordinate impact on the efficient frontier and thus are treated as outliers (Hartman et al., 2001 Table 3 shows the non-oriented SBM efficiency scores assuming constant returns to scale. The six centres that are scoring 1 can be further ranked amongst themselves by observing their reference frequencies to other research centres shown in brackets. That is, the number of times an efficient research centre is benchmarked by inefficient centres is an indication of that centre's efficiency.
[Insert Table 3 about here] Table 5 we can see the potential improvements in each variable for four centres. In these centres we notice that there is a potential to reduce at least one of the inputs while simultaneously increasing one or both of the outputs.
[Insert Tables 4 and 5 about here]
Testing the Stability of the Efficient Frontier
Applications of efficient frontier techniques such as data envelopment analysis often fail to scrutinise the efficient frontier which can prove critical in determining the relative efficiency of others in the sample. A number of tests can be carried out to evaluate the stability of the efficient frontier to data perturbations. In principle, we will say a frontier is stable if, in general, the same efficient research centres are found after changes to the data which often take the form of deletion or addition of variables or research centres, or some other change to data without changing the variables used or the sample.
We undertake three different tests of stability or robustness reported next.
Initially, we monitor the membership of the efficient frontier as variables are deleted. First, output Funding Contributions from Other Participants is removed, followed by the input Programme Funding; each of these arbitrarily removed variables is returned to the sample before the next deletion, thus maintaining the same degrees of freedom. We focus our attention on correspondence of the frontier's membership from the reduced variable set with that of the full-complement model. Overall, the efficient frontier can be regarded as stable because we find no new research centres on the frontier as we independently remove an output and an input (see columns 3 and 4 in Table 6 ).
[Inert Table 6 about here]
However, there is a general reduction in the number of efficient research centres on the frontier which can be attributed to the rise in degrees of freedom compared to the full-complement model and thus, the sharper discrimination it brings to the analysis regarding efficient and inefficient research centres. Nevertheless, the larger drop in the number of efficient research centres defining the frontier in the sample with one less input suggests another factor is also at play. That is, dimensionality, defined as 16/33 the number of efficient research centres changing as a result of number of variables relative to sample size, is not the key driver of scores, and that, scores are in fact capturing actual research centre inefficiencies on different variables. Where dimensionality is suspected to be the main driver of efficiency scores, data simulation and hypothesis testing can be employed as exemplified by Hughes and Yaisawarng (2004) .
Next, we monitor the membership of the efficient frontier as the top one-third of the efficient research centres (i.e. centres MT_WS and ICT_SIT) is deleted (see Table 3 ); this rule of thumb moderates the perturbations on the efficient frontier where the number of efficient research centres may vary from one sample to the next. If the same efficient research centres emerge after deletions, this suggests a stable efficient frontier. Overall, results indicate a stable efficient frontier where four out of six of the efficient research centres in the truncated sample can be found among the six efficient research centres in the complete sample (see columns 1 and 2 in Table 6 ).
The third and final stability test involves generating sensitivity scores based on modified superefficiency models (see Zhu, 2001 ). 6 The essence of the model assumes variable and simultaneous data changes for the test research centre and all other centres in the sample. Under the so-called 'worst-case scenario', data perturbations lead to a decline in efficiency of the test research centre whereas the efficiencies of all other centres improve. The model allows a focus on a single input or output, or a group of inputs or outputs. For example, if we are interested in the stability of the efficient Centre1 to data errors in output A, we can form an opinion based on Centre1's sensitivity score. In principle, smaller (larger) scores indicate a more stable frontier under output (input) orientation. Thus, under output orientation, if Centre1's sensitivity score is 0.5, we know that the test research centre will tolerate a reduction in output A up to 50% before becoming inefficient. If we assume that the output A error for Centre1 is d (where d <=1) and the error for all other research centres is f (where f>=1), as long as d x (1/f) >=0.5 Centre1 will remain efficient. In this study, we select the output-oriented constant returns to scale sensitivity analysis and data perturbations on both outputs. The last column in 17/33 Table 6 indicates a less stable efficient frontier compared to the results from the first and second stability tests. 7 In summary, when we bring together all three tests of robustness, the efficient frontier appears reasonably stable. Findings that clearly indicate an unstable efficient frontier should alert the researcher to the unreliability of the data used.
Conclusion
We demonstrate a process for developing a model to measure the knowledge production performance of individual research centres. The study also illustrates an application of data envelopment analysis, a well-established relative efficiency measurement technique, to research centre performance. As far as research centres are concerned both contributions of the study are new to the field. As research dollars become more entwined with commercial outputs and catching that often elusive competitive advantage while providing public accountability, studies such as this will be more sought after by executive management concerned about demonstrating the link between organisational objectives, desired outcomes and outputs. We also expect the study to generate interest among research centres whose funds still largely depend on Federal Governments. Equally important, relative efficiency analysis will encourage centres to emulate those peers that are consistently efficient.
The performance model developed using the Australian case is guided by the revised Cooperative Research Centres Programme objectives and represents an executive managerial view of research centres. We expect policy makers in other countries to substitute their corresponding objectives to initiate the performance modelling process demonstrated in this paper. Particular emphasis is also placed on using output measures that capture economic, social and environmental benefits i.e. triple-bottom line benchmarking. The study addresses shortcoming of existing measures by capturing the links between organisational objectives, desired outcomes and outputs. The process illustrated and the emerging model also brings consistency to current measures that often rely on ratios and univariate analyses that are not conducive to relative performance analysis. The proposed four-
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input-six-output relative efficiency model in Table 2 effectively explains the knowledge production in research centres. Applying a technique such as data envelopment analysis to this model mathematically captures the interplay among the multiple inputs and multiple outputs and reports it as a relative efficiency score, thus opening the door to benchmarking.
The empirical illustration using the slacks-based measure of data envelopment analysis shows how current mathematical data envelopment analysis models can be applied to simultaneously capture a fully-units invariant measure of radial and non-radial inefficiency on output as well as the input side of the equation. We highlight various research design problems one is likely to encounter and offer solutions. In addition to demonstrating the main results from data envelopment analysis we also detail three tests on robustness of the efficient frontier which is often neglected.
The major limitation of the study is that quality of outputs is not normally captured by the suggested measures. A second criticism that can be levelled at the study is that proposed output measures are at the global organisational level where some research centres may be disadvantaged
given the diversity of their activities. For evaluation purposes, Garrett-Jones and Turpin (2002) suggest that centres can be further classified according to their emphasis on product versus process, and radical versus incremental technological development. Extensions of this study will include detailing guidelines for measuring cases of improved environmental management developed by centres, as well as a wider empirical study beyond illustrative purposes once data specific to all the variables in Table 2 are secured (currently mostly unavailable).
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26/33 5. # graduates trained in CRCs (SO) 5. # PhD completions (SO) 5a. # graduates from CRCs employed in public programmes (SO) (NC) 5b1. # graduates from CRCs employed in industry (SO) (NC) 5b2. # graduates supervised by non-university staff (SO) 6a. # new products and processes that can be traced to adoption of CRC research (EC)
